Nucleostemin is a p53-interactive cell cycle progression factor that shuttles between the nucleolus and nucleoplasm, but has no known involvement in ribosome synthesis. We found the dynamic properties of nucleostemin differed strikingly from fibrillarin (a protein directly involved in rRNA processing) both in response to rRNA transcription inhibition and also in the schedule of re-entry into daughter nuclei and the nucleolus during late telophase-early G 1 . Furthermore, 
Introduction
The nucleolus is a specialized domain of the nucleus that was established as the site of ribosome synthesis four decades ago (Vincent and Miller, 1966) .
However, it has recently become apparent that the nucleolus has other functions as well (Pederson, 1998a; b; Olson et al., 2000; Pederson and Politz, 2000; Leung and Lamond, 2003; Olson et al., 2003) . In support of this new concept, proteomic analysis of purified nucleoli has revealed the presence in nucleoli of many proteins with no known or obvious relationship to ribosome synthesis (Andersen et al., 2002; Scherl et al., 2002) . A key question that therefore has arisen is how these newly recognized functions and proteins are spatially localized in relation to the well defined intra-nucleolar sites of ribosome synthesis.
One newly suggested function of the nucleolus is a role in the assembly of the signal recognition particle (Jacobson and Pederson, 1998; Politz et al., 2000; Ciufo and Brown, 2000; Pederson and Politz, 2000; Grosshans et al., 2001; Politz et al., 2002; Alavian et al., 2004; Sommerville et al., 2005) . However, SRP RNA does not spatially overlap substantially with 28S ribosomal RNA in the mammalian cell nucleolus, nor is it present in the regions in which ribosomal RNA transcription or initial processing take place (Politz et al., 2002) . It thus appears that there might be sub-domains within the nucleolus which are devoid of nascent ribosomes and within which certain other macromolecules that are unrelated to ribosome synthesis reside.
In the study reported in this paper, we tested the hypothesis that the nucleolar landscape contains domains that are not devoted to ribosome synthesis. We investigated the intranucleolar localization of a protein that has no known relationship to ribosome synthesis or other RNA biosynthesis or metabolism:
nucleostemin, a p53-interacting protein that is expressed in stem cells and tumor cells (Tsai and McKay, 2002; Liu et al., 2004; Tsai and McKay, 2005; Misteli, 2005) . Because nucleostemin's role in regulating p53 and cell cycle progression is thought to occur in the nucleoplasm, its transient nucleolar residence is most unlikely to be linked to the ribosome synthesis pathway. We therefore reasoned that nucleostemin might define novel sub-nucleolar domains occupied by proteins that were related to other functions.
Our results indeed reveal a distinctive intranucleolar localization of nucleostemin as well as other unusual properties with respect to its dynamic behavior that contrast strikingly with nucleolar proteins that are involved in ribosome synthesis. Furthermore, we present electron spectroscopic imaging results that define protein-rich, RNA-deficient regions within the granular component of the nucleolus, likely to represent the sites at which ribosome nonrelated nucleolar components reside.
Materials and Methods

Cell culture:
Mouse 3T3 cells were propagated in Dulbecco-modified MEM (D-MEM) with 10% newborn calf serum. The rat L6 myoblast cell line was grown in D-MEM with 10% fetal bovine serum, and rat NRK fibroblasts were propagated in F-12K medium with 10% fetal bovine serum. Murine embryonic stem cells (designated AB2.2) were derived from the inner cell mass of E3.5 blastocyst stage mouse embryos (strain 129SvBrd) and maintained in D-MEM with 15% fetal bovine serum and leukemia inhibitory factor (500 units/ml; Chemicon, Temecula, CA).
The experiments reported here were carried out with cells that were at 65-75% confluence, except for murine embryo-derived stem cells which were examined at lower cell density. In some experiments, cells were treated with actinomycin D at a final concentration of 0.1 ug/ml for two or four hours. In these cases, control cells were exposed for an equal amount of time to 0.001% (v/v) ethanol (although we observed no differences between the results obtained with 0.001% ethanoltreated cells and cells not exposed to ethanol).
Immunocytochemistry and in situ hybridization:
For immunostaining, cells were fixed and permeabilized as detailed previously (Politz et al., 2002) . Nucleostemin was detected with a chicken polyclonal immunoglobulin Y antibody raised against a peptide corresponding to amino acids 522-538 of murine nucleostemin (dilution of 1:500, Tsai and McKay, 2002) followed by fluorescein-conjugated rabbit anti-chicken IgY (dilution of 1:100, Promega, Madison, WI) or a Cy3-conjugated F(ab') 2 fragment of donkey antichicken IgY (dilution of 1:200, Jackson Immunoresearch Laboratories, West Grove, PA). (No differences were observed in the nucleostemin immunostaining patterns obtained with these two secondary antibodies.) Nucleolar fibrillar centers were detected by transfecting cells with a plasmid encoding a green fluorescent fusion protein of the rDNA-specific upstream binding factor (Chen and Huang, 2001) . The dense fibrillar component of the nucleolus was detected with a murine monoclonal antibody to mouse fibrillarin (Reimer et al., 1987) , followed by rhodamine-coupled goat anti-mouse IgG. In situ nucleic acid hybridization to detect 28S rRNA or signal recognition particle RNA was carried out as described previously (Politz et al., 2002) , except that oligos 2 and 4 were used to detect 28S rRNA (see Politz et al., 2002) . These two rat 28S rRNA probes and the rat SRP RNA probes used in this study cross-react with mouse 28S rRNA and SRP RNA, respectively. Combined immunostaining followed by in situ hybridization, microscopy and image processing were performed as previously described in detail (Politz et al., 2002) , except that 3D image stacks were deconvolved using exhaustive photon reassignment (Carrington et al., 1995) . All 2D images were scaled (using Metamorph) to exclude background signal (defined by the signal level observed after treatment with secondary antibody alone).
Electron spectroscopic imaging:
Human neuroblastoma SK-N-SH cells were fixed with 2% formaldehyde at room temperature for 5 minutes and post-fixed with 2% glutaraldehyde at room temperature for 15 minutes. Cells were dehydrated in steps with increasing concentrations of ethanol, and embedded in Quetol resin (Ren et al., 2003) .
Sections of 70 nm thickness were cut with an ultramicrotome, picked up onto electron microscopy grids and coated with a carbon film of 3 nm thickness to stabilize the specimens in the electron beam.
Electron spectroscopic imaging was carried out as described (Eskiw et al., 2003; Dellaire et al., 2004) , using a Tecnai 20 transmission electron microscope equipped with an imaging filter (Gatan). The microscope was operated with an accelerating voltage of 200 kV, and with an energy selecting slit aperture of 20 eV. Images were collected with a 12-bit cooled CCD detector. Phosphorus maps were calculated by the division of a post-edge image collected at 155 eV by a pre-edge image collected at 120 eV. Similarly, nitrogen maps were formed with pre-edge and post-edge images collected at 385 and 415 eV, respectively. Phosphorus (red) and nitrogen (green) maps ( Figure 7A ,B) were computationally-colored in order to distinguish protein-based from nucleic acidbased structures. Subtraction of nitrogen maps from phosphorus maps was also used to delineate the composition of structures in the images.
ImageJ (public domain software) was used for the quantification of phosphorus and nitrogen levels from the elemental maps. Regions of interest were delineated corresponding to chromatin on the periphery of the nucleolus, DNA in the fibrillar centers, the dense fibrillar component, the granular component, and individual granules within the granular component.
Results and Discussion
Nucleostemin was discovered in rat embryonic neural stem cells (Tsai and McKay, 2002) . In the present investigation we used a polyclonal antibody to nucleostemin that reacts with a single 60-70kD band in immunoblots (Tsai and McKay, 2002.) As shown in Fig. 1A and B, we found that nucleostemin is also expressed in murine embryo-derived stem cells, with a predominantly nucleolar localization. Nucleostemin is also expressed at high levels in certain other, nontumor cell lines, e.g. Chinese hamster ovary cells and mouse 3T3 cells (Tsai and McKay, 2002; Fig. 1C and D) , as well as rat myoblasts ( Fig. 1E and F ) and NRK cells ( Fig. 1G and H. ) Because the relatively flat morphology of 3T3 cells and NRK cells is more favorable for immunostaining studies than the rounder shape of most stem cells, we used 3T3 and NRK cells in the present investigation.
High resolution digital imaging microscopy was used to examine the localization of nucleostemin in relation to the three classical regions of the nucleolus that have been defined by their ultrastructural appearance and by their roles in ribosome synthesis. These are 1) the fibrillar centers, which are the sites of the repeated ribosomal RNA genes, 2) the dense fibrillar component, which surrounds the fibrillar centers and into which the nascent ribosomal RNA extends and some of its processing occurs, and 3) the granular component, in which ribosome assembly steps are completed (Spector, 1993; Shaw and Jordan, 1995; Scheer and Hock, 1999; Koberna et al., 2003) . with high levels of nucleostemin present where 28S rRNA was present at only low concentration and vice-versa. This lack of complete co-localization was especially evident with respect to the nucleostemin that occupied the outer edge of the nucleoli, but was also observed with respect to more interiorly located nucleostemin as well ( Fig. 3C and 3D ). Thus, nucleostemin is not invariantly associated with 28S rRNA-containing ribosomal subunits in the granular component of the nucleolus.
The nature of the regions of the granular component that do not contain 28S rRNA has not been defined. 18S rRNA has been observed to be co-localized with 28S rRNA in the granular component (Lazdins et al., 1997; A. Stavreva and J.G. McNally, personal communication of unpublished results), arguing against the possibility that the 28S rRNA-deficient regions represent separate loci that contain 18S rRNA. We recently investigated the distribution of signal recognition particle RNA within the nucleolus and found that, like nucleostemin, it is not appreciably present in fibrillar centers or the dense fibrillar component but rather primarily concentrates in regions of the granular component that are deficient in 28S rRNA (Politz et al., 2002) . It was therefore of interest to investigate the intranucleolar localization of nucleostemin in comparison to SRP RNA (Fig. 4) to learn more about these rRNA-deficient nucleolar regions. Would all "non-ribosomal" nucleolar constituents (e.g. nucleostemin, SRP RNA) localize to the same nucleolar sub-domains? As can be seen in the merged image (panel C; linescan plot in panel D), we found that nucleostemin and SRP RNA did not extensively co-localize within the nucleolus. In some cases a region of nucleostemin showed overlap with an SRP RNA-rich region, but the regions occupied by each entity were mostly discrete. Therefore, since nucleostemin and 28S rRNA only partially overlapped (Fig. 3C) , and SRP and 28S rRNA also only partially overlap (Politz et al., 2002) , it follows that there are numerous sites throughout the granular component at which only one of these three entities resides, unaccompanied by the other two. Thus, the landscape of the granular component is molecularly heterogeneous at the spatial resolution of these localization studies. Stated differently, these results rule out the possibility that various non-ribosome related molecules are confined to a common set of sites within the granular component.
The degree of non-colocalization of the three nucleolar entities under discussion, nucleostemin, 28S rRNA and SRP RNA, cannot be attributed merely to possible differences in their relative nucleolar abundances. Although a molecular species that is present in the nucleolus at a lower abundance would not necessarily display extensive spatial overlap with all the regions occupied by a more abundant entity, the former would be expected, at the least, to co-reside with a subset of the latter if they were both confined to common sites in the nucleolus. But this is not what we observe. Rather, a considerable portion of each of the three entities is concentrated at sites in the nucleolus where neither of the other two are concentrated.
To further test nucleostemin's spatial segregation from components involved in the ribosome pathway, we investigated its behavior after actinomycin treatment.
When mammalian cells are treated with low concentrations of actinomycin, the synthesis of rRNA is selectively inhibited (Perry, 1962; Roberts and Newman, 1966; Perry and Kelly, 1970) . As a consequence, the nucleolus undergoes a reorganization in which the fibrillar centers, dense fibrillar component and the granular component condense and become more spatially segregated from one another than usual (Hadjiolov, 1985) . Notwithstanding these profound changes in ribosomal RNA synthesis and nucleolar organization, most of the ribosomeprocessing proteins that have been studied are observed to remain associated with these segregated nucleoli (although these proteins themselves spatially reorganize within the nucleoli). It was therefore of interest to examine the effects of a low concentration of actinomycin on the behavior of nucleostemin. Figures   5A-C show, as a control, the nucleostemin (A), fibrillarin (B) and merged (C) images for cells treated for four hours with the same concentration of ethanol (0.001% v/v) as was present in the actinomycin experiments. Two hours after treating cells with a low concentration actinomycin (0.1 ug/ml), fibrillarin was observed to be concentrated into a single large domain located near the edge of each nucleolus (Fig. 5F, red) , while nucleostemin retained its typical widespread distribution throughout the nucleoli (Fig. 5F, green) . In continuing contrast to the behavior of fibrillarin, after four hours of actinomycin treatment nucleostemin no longer was concentrated in the nucleolus but instead was distributed throughout the nucleoplasm (Fig. 5G) , whereas fibrillarin was still retained in the nucleoli (Fig. 5H) . This highly differential behavior of nucleostemin and fibrillarin following low actinomycin treatment was observed in approximately 50% of the cells in some experiments, and in nearly 100% of the cells in others. The basis of this experiment-to-experiment variation has not been explored in detail but did not seem to be related to cell density. In addition to 3T3 cells (Fig. 5) , a nucleolar departure of nucleostemin after low actinomycin treatment was also observed in NRK cells (data not shown). When the total nuclear signal was quantitated and normalized for nuclear area, there was no significant difference in the average amount of nucleostemin present in nuclei either before or after actinomycin treatment (758 ± 41 intensity units/pixel in untreated cells and 724 ± 25 intensity units/pixel in cells treated with actinomycin for 4 hrs). Therefore, the actinomycin effect represents a net translocation of nucleostemin to the nucleoplasm and not degradation of the protein.
To further investigate the degree to which nucleostemin and the ribosomerelated nucleolar protein fibrillarin differ with respect to their intracellular dynamics, we examined their behavior during and after mitosis. Nucleoli disassemble in late G2-prophase and begin to re-form in telophase around nucleolar organizer regions with the subsequent appearance of pre-nucleolar bodies, followed by their coalescence into the definitive nucleoli of the early postmitotic cell (Dousett et al., 2000; Dundr et al., 2000; Leung et al., 2004) . We stained cells for both nucleostemin and fibrillarin and imaged cells that were in different stages of mitosis. Nucleostemin had already left nucleoli at early prophase ( Fig. 6 "EP", green) , while fibrillarin did not become similarly dispersed until late prophase (Fig. 6 "LP" red) . Following metaphase (Fig. 6 "M") and anaphase ( Fig. 6 "A") , fibrillarin was observed to begin concentrating within the reforming nuclei in telophase (Fig. 6 "T", red) , as has been observed previously (Dousett et al., 2000) . However, nucleostemin had not completely entered the nuclei at this stage (Fig. 6 "T", green) . By the time cytokinesis was completed ( Fig. 6 "LT/EG 1 "), the fibrillarin had become concentrated into the nucleolus (red), whereas much of the nucleostemin was still dispersed throughout the nucleoplasm (green). These results agree with the localization behavior of nucleostemin during mitosis initially reported by Tsai and McKay (2002) and, in addition, show how this behavior contrasts with that of fibrillarin. Thus, these two nucleolar proteins of quite different function also demonstrate temporally independent mitotic schedules.
The differential timecourse of the re-entry of fibrillarin and nucleostemin into nucleoli in telophase/early G1 is reminiscent of a comparable finding made recently as regards the temporally-contrasting appearances of various mRNA splicing-related proteins into interchromatin granule clusters (a.k.a. speckles) within post-mitotic daughter nuclei (Prasanth et al., 2003; Bubulya et al., 2004) .
It is also interesting to note that a previous study (Mintz and Spector, 2000) on the location of various proteins within speckles (during interphase) revealed a surprising degree of discrete, intra-speckle compartmentalization, even in these nucleoplasmic structures that are so much smaller than nucleoli. It will be interesting to see if such similarly segregated zones of molecular composition are the case for other nuclear bodies, e.g. Cajal bodies and PML bodies (Gall, 2000; Borden, 2002.) Since these findings suggested the possibility that the landscape of the nucleolar granular component is one in which RNA-rich territories are interspersed with RNA-deficient (protein-rich) territories, we turned to the method of electron spectroscopic imaging (ESI). This technique is performed in the transmission electron microscope, and is based on the principle of electron energy loss spectroscopy (Dellaire et al, 2004) In this method, a fraction of electrons that passes through the specimen lose characteristic amounts of energy by exciting or ionizing the specimen's atoms. Thus, the chemical composition of the specimen can be determined to a very high level of both elemental accuracy and spatial resolution with an electron spectrometer. In ESI, however, the electron spectrometer also acts as an imaging lens, so that element-specific maps of the specimen can be obtained. By comparing computationally-colored phosphorus ( Figure 7A ) and nitrogen ( Figure 7B ) maps, structures that are nucleic acid-rich can be distinguished from ones that are protein-based. If the phosphorus map is subtracted from the nitrogen map, areas that contain protein structures but which do not overlap with the phosphorus-rich backbone of DNA or RNA can be identified ( Figure 7C ). Overlaying the phosphorus map (yellow) onto the nitrogen minus phosphorus map (blue) facilitates definition of nucleic acid rich vs. protein-rich structures ( Figure 7D-F Figure 7D and F).
In addition to the qualitative information in computationally-colored images, quantification of phosphorus and nitrogen levels provides additional information on the biochemical composition of sub-regions within the nucleolus. To obtain phosphorus and nitrogen ratios of the nucleolar domains, an internal standard was required. We chose to use regions of the most highly condensed chromatin at the periphery of the nucleolus for this purpose. This chromatin would be composed of approximately 50% protein and 50% nucleic acid, based on the assumption that such chromatin is almost entirely nucleosomal, with little associated non-histone chromosomal protein. This assumption is supported in Figure 7F . The chromatin in the region indicated by "CCh" is highly condensed and appears to be associated with little additional protein that does not overlap with the phosphorus of the DNA (few structures in the N-P image (blue)). In contrast, the chromatin in region "DCh" is less condensed and associated with a significant amount of protein, which coats or cross-links the chromatin fibres (structures colored blue in the N-P image, Fig. 7C ).
The electron spectroscopic imaging (ESI) results provide both confirmatory and new, higher resolution information that refines and extends the current model of nucleolar organization. First, the ESI data show that a major component of the fibrillar center is DNA (arrowhead in Figure 7D and E). Quantification of phosphorus and nitrogen levels also reveal biochemical relationships of protein and nucleic acid composition in sub-nucleolar compartments. Comparisons of P and N ratios can be converted to stoichiometric relationships using internal standards such as chromatin or ribosomes (Bazett-Jones et al., 1999) . (This approach is superior to quantification from electron energy loss spectra. Reliable values for the partial cross-section of scattering of these elements, required for quantification from spectra, have not been determined.) The P to N ratio of chromatin is 0.129 (based on nucleosomal composition), a value similar to the measured P to N ratio of the ribosomal gene chromatin in the fibrillar center (0.140, Table 1 ). The P to N ratio over large regions of either the dense fibrillar component (0.079) or the granular component (0.081) predicts an overall nucleic acid content of 31%. However, the P to N ratio of the granules themselves in the granular component (0.116) is significantly higher than that of the overall granular compartment, and predicts a 45% nucleic acid content of the granules. This nucleic acid content is similar to that of mature ribosomes (54%). The difference in the P to N content of the granules in comparison to that of the entire granular component predicts that 14% of the granular component, corresponding to the spaces between the granules, is composed of protein, and that this inter-granule protein is not co-resident with nucleic acid. This is further supported qualitatively by the high magnification panels ( fig. 7G and 7H) representing areas selected from a granular component region (from Fig.7F) , showing protein-based structures (blue) interspersed with the phosphorus-rich pre-ribosomes (yellow).
Line scans of the phosphorus and nitrogen maps passing through the granular component reveal quantitative differences in the distribution of the two elements (Fig. 7I) . The vertical arrows reveal relatively high levels of nitrogen (corresponding to predominantly protein-based structures) between the phosphorus peaks (corresponding to pre-ribosomes). Similar ESI results were obtained in mouse 3T3 cells (data not shown), indicating that the existence of separate protein-rich and phosphorus-rich domains within the granular component is a general feature of at least mammalian nucleoli. We conclude that this ribosome-free domain of the granular component is populated by macromolecules that likely serve other functions.
In summary, the results of this investigation establish that nucleostemin, a nucleolar protein with no known role in the production of ribosomes, has a distinctive intranucleolar localization, an unusual response to nucleolar segregation and a delayed timecourse of nucleolar re-entry following cell division.
The results suggest that a substantial fraction of this protein is localized in regions of the nucleolar granular component that appear to contain very little if any ribosomal RNA. Electron spectroscopic analysis confirmed the existence of protein-rich, RNA-deficient regions within the granular component. Numerous ultrastructural studies of the nucleolus (using standard heavy metal stains) have revealed the granular component to contain electron-opaque foci surrounded by electron-translucent regions (Hadjiolov, 1985) . The molecular nature of these interstitial regions of the granular component has never been defined. One possibility has been that this material is some sort of proteinaceous architecture that underlies the ribonucleoprotein particles that constitute the granularity of this nucleolar component. Our results with nucleostemin raise the alternative possibility that these electron-translucent regions of the granular component are composed of proteins transiently visiting the nucleolus, rather than some sort of organized structure. Further work will be required to test this hypothesis, and it is to be noted that the two ideas are not mutually exclusive.
To paraphrase the term "plurifunctional nucleolus" that was coined earlier (Pederson, 1998a) , the present results indicate that the nucleolus is spatially pluralistic and strongly suggest that the nucleolus is functionally pluralistic as well. Much remains to be learned however about the full repertoire of molecules and functions that reside in those regions of the nucleolus where ribosome production is not taking place. Nucleostemin may only be the first of many yet to be discovered. For example, the RNA and protein components of telomerase have been reported to transiently visit the nucleolus references cited therein; Zhang et al., 2004) and it is intriguing to consider the 14 possibility that telomerase and the cell cycle related, p53-interactive nucleostemin have similar locations when visiting the nucleolus. Chromatin has a theoretical P/N of 0.129, a nucleoprotein complex that is 50% protein/50% nucleic acid. From relating the measured P/N ratio of chromatin to the theoretical chromatin value, the measured P/N of 0.081 for the entire GC (granules and inter-granules) indicates that 31% of the overall GC corresponds to nucleic acid. The granules themselves (within the GC) have a P/N of 0.116, predicting a nucleic acid content of 45%. Therefore, 14% (45%-31%) of the GC is protein not associated with nucleic acid. This may be an underestimate, since the theoretical nucleic acid content of the ribosome is 54% , indicating that proteins that are not ribosomal proteins also associate or overlap with the granules, over and above the 14% (perhaps as much as 14 + 9 = 23% of the GC is protein that is not ribosomal protein). See Results and Discussion.
